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Here we have studied the electrocopolymerisation of binary mixtures of functionalised thiophenes 
in varying compositions and determined independently for each copolymer the 
spectroelectrochemical responses and the composition of the material using x-ray photoelectron 15 
spectroscopy.  We have observed strong correlations between the composition of the copolymer 
material and the composition of the binary solution from which the polymer was grown.  In 
addition, we have shown that the spectroelectrochemical properties of the copolymers indicate the 
presence of random copolymer material where the λMax values of the neutral, undoped, polymer 
scales with composition but also suggest that there may be small amounts of block copolymer or 20 
phase-separated mixtures of the homopolymer components. 
Introduction 
Poly(3,4-ethylenedioxythiophene), (PEDOT), along with other 
derivatised thiophene systems, has been the subject of a 
sustained and intensive research effort over the past ten years 25 
or so.1, 2, 3, 4  Such materials are relatively easy to work with 
and provide a generic framework in which to study the 
electrochemical, physical and spectroscopic properties of 
conducting polymer systems. The PEDOT system in particular 
is especially interesting for several reasons: it is very stable to 30 
the environment because of its β-substituents; similarly cross 
linking during polymerisation is minimised; the oxidation 
potential of the parent monomer (EDOT) is very low, making 
electrochemical polymerisation facile; and the resultant p-
doped polymer is highly conducting.  Also the spectroscopic 35 
properties are unusual in that the neutral PEDOT material is 
blue in colour whilst the p-doped conducting material is 
almost colourless, seeming transparent to the eye.  This is in 
contrast to most other polythiophenes where the neutral 
material is usually red in colour changing to blue in the p-40 
doped state.  For this reason PEDOT has potential application 
in electrochromic devices 5, 6, 7, 8, 9 as well as many other areas 
including electroluminescent displays 10, 11, 12, 13, 14 and 
antistatic coatings.15, 16  
 Composite properties for electronic polymers are often 45 
sought by combinatorial methods, for example through co-
electropolymerisation of two (or more) monomers, and there 
have been many examples of copolymerised materials as well 
as layered structures.17,18,19,20,21  However, in such studies it is 
often assumed that if the oxidation potential of the two 50 
monomers are similar then the composition of the copolymer 
will be related to the composition of the solution (in mole-
fraction terms) from which the polymer was prepared by a 
simple (monotonic linear) function.  Consequently there are 
few studies in which the composition of the polymer is 55 
independently measured.  We have shown in previous studies 
of conducting-polymer systems that the redox potentials of the 
monomers are not the only determinants of polymer 
composition.  For example the solubility of oligomers and the 
reactivity of the radical cations are also critical factors22, 23 60 
especially when polymerisation is performed under a 
diffusion-controlled regime.  Often it is the case that even 
though the oxidation potentials of monomers are similar, 
electrocopolymerisation from a 1:1 binary mixture yields a 
polymer material that significantly favours one component or 65 
the other.22 
 Here we have studied the electrocopolymerisation of a 
range of thiophene species including  3,4-
ethylenedioxythiophene (EDOT) and 2,2’-bithiophene (BT), 
3-octylthiophene (OT) and 2,2’-terthiophene (TT).  In 70 
particular the EDOT-BT system has been treated as an 
important model,24, 25 being helpful in the elucidation of the 
mechanism of p-doping and in understanding the relationship 
between conductivity and doping state.26   
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In addition the incorporation of PEDOT into copolymers, 
blends or layers is an attractive proposition because of the 
unusual electrochromic properties, suggesting that the 
spectroelectrochemical response of a polymer system can be 5 
modulated or tuned by incorporation of additional 
electrochemical chromophores.  In this study we have 
prepared copolymer materials by electrocopolymerisation 
from binary mixtures of monomers in varying compositions.  
We have determined independently for each copolymer the 10 
composition using X-ray photoelectron spectroscopy (XPS) 
and the spectroelectrochemical response.  We have observed 
strong correlations between the measured composition of the 
copolymer material and the composition of the binary solution 
from which the polymer was grown.  In addition from the 15 
observed compositional correlation we are also able to show 
unambiguously that the spectroscopic properties of the 
copolymer materials show a stoichiometric (statistical) 
dependence on the measured composition. 
Experimental 20 
Electrochemical measurements 
Electropolymerisations were performed under controlled 
potential conditions using a silver wire pseudo reference 
electrode.  Under the conditions employed for these 
experiments, the pseudo-reference electrode had a potential of 25 
-450 mV with respect to the ferricinium/ferrocene couple.  All 
electrochemical experiments were performed using a PAR 
EG&G model 263A potentiostat in a three-compartment cell 
under an atmosphere of N2.  The solvent  for 
electropolymerisation was dry acetonitrile (HPLC grade) 30 
containing 0.1 M LiClO4 as supporting electrolyte.  
Copolymer materials were prepared using Au-coated glass 
electrodes (ca. 1cm2); the Au was evaporated onto glass 
microscope slides to a thickness of either 100 nm, for use in 
XPS quantification, or 50 nm for transparent electrodes used 35 
in spectroelectrochemical experiments.  The thickness of Au 
coatings was monitored during evaporation using a resonant 
quartz crystal.  Occasionally this calibration was checked by 
removal of the Au from the substrate (using adhesive tape) 
and then by subsequent measurement of the step edge using 40 
high resolution AFM (see supplementary data†).  Polymer 
film thickness was measured using AFM in the same way.  In 
a typical example the polymer was grown 
potentiodynamically (cyclic voltammetry, CV) by repetitive 
cycling from –0.2 to +1.2V (versus Ag-wire reference) and 45 
back to –0.2V, at a scan rate of 50 mV s-1.  The thickness of 
the polymer was varied according to the number of cycles. 
 
 EDOT–BT copolymers:  EDOT homopolymers were 
grown from a 0.05 M EDOT–0.1 M LiClO4–MeCN solution.  50 
Sequential additions of BT were then made increasing the 
mole fraction of BT (XBT) in the mixture to XBT = 0.1, 0.3, 0.5, 
0.7, 0.9.  Homopolymers of BT were separately prepared from 
a 0.05 M BT–0.1M LiClO4–MeCN solution. 
 55 
 EDOT–TT and EDOT–OT copolymers:  TT (or OT) 
homopolymers were grown from a 0.1 M TT–0.1 M LiClO4–
MeCN (or 0.1M OT–0.1M LiClO4–MeCN) feed solution.  
Sequential additions of EDOT were then made increasing the 
mole fraction of EDOT (XEDOT) in the mixture to XEDOT = 0.1, 60 
0.3, 0.5, 0.7, 0.9.  Homopolymers of EDOT were separately 
prepared from a 0.1M EDOT–0.1 M LiClO4–MeCN solution.   
 The anodic limit for all electropolymerisation (either CV or 
potential-step) was always kept at least 200 mV more positive 
than the most anodic monomer potential. 65 
 EDOT, TT, OT and BT monomers were purchased from 
Aldrich and used without further purification. 
XPS measurement and quantification 
XPS spectra were recorded on a Scienta ESCA 300 instrument 
(NCESS Daresbury Laboratory, UK) using monochromated 70 
Al Kα (1486.7 eV) radiation, a slit width of 0.8 mm, a take 
off angle of 90° and a flood gun energy of either 1.0 or 3.0 
eV.  The energy scale of the spectra presented is corrected to 
the C–H (1s) peak at 285 eV using the S(2p) peak at 164 eV 
from the thiophene species to assure consistent corrections 75 
were made when the C (1s) spectra contained a number of 
broad peaks close to 285 eV.   
 The C(1s) XPS spectra of copolymers were quantified 
using best-fit linear combination methods.  Reference spectra, 
S1 and S2, were recorded for the homopolymers of each 80 
material (e.g. poly(bithiophene) and PEDOT) and in each case 
the measured copolymer data, SExp, were then numerically 
compared to a linear sum, S, of the two reference spectra in 
varying proportion using either eqn (1) or eqn (2).  The 
residual difference, r, between the experimental data and the 85 
linear sum of the reference spectra was then calculated 
according to eqn (3).  The best fit was obtained by iterative 
minimisation of the residual difference and the error was 
expressed according to eqn (4).  Microsoft Excel was used for 
iterative fitting either with custom written macros (Visual 90 
Basic for Applications, VBA) or using the built-in Solver 
function.   
( ) 21 1 SXXSS −+=    (1) 
21 mSnSS +=    (2) 
such that for example 
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 The summation method shown in eqn (1) uses a single 
parameter (mole fraction), whereas that in eqn (2) uses two 
independent parameters, n and m, which are subsequently 
used to calculate mole fraction.  Although the latter of these 
two approaches is less constrained, both fitting methods 5 
yielded very similar results with comparable errors.  
Consequently, the simplest of the two methods was generally 
adopted. 
Spectroelectrochemistry 
Spectroelectrochemical (UV-Vis) measurements were 10 
acquired using a Hewlett Packard 8452A Diode Array 
Spectrophotometer under computer control in conjunction 
with the PAR EG&G 263A potentiostat.  Working electrodes 
consisted of either transparent Au (50 nm) or ITO on glass 
(Delta Technologies).  In a typical experiment the potential of 15 
the copolymer film was scanned between -500 mV and +1000 
mV at a scan rate of 5 mV s-1 and spectra were acquired 
between 300 nm – 800 nm every 15 seconds, this corresponds 
to a potential resolution of 75 mV.   
 20 
Results and Discussion 
Electrochemical deposition  
Insoluble polymer films (0.1–0.5 μm thickness) were prepared 
by anodic oxidation of monomers in a binary mixture at a Au-
coated glass (approx. 1 cm2) electrode in degassed acetonitrile 25 
(MeCN), containing electrolyte.  In a typical experiment the 
electrode potential was cycled repetitively between -0.2 V and 
+1.2V at a scan rate of 50 mV s-1 until sufficient polymer was 
deposited on the electrode surface.  The polymer-coated 
electrode was then removed from the cell and rinsed in fresh 30 
MeCN prior to characterisation. The polymer coatings thus 
grown were even and homogeneous to visual inspection over 
the area of the electrode surface. A series of samples were 
prepared in sequence starting with a homopolymer, e.g. 
PEDOT.  The composition of the solution was then increased 35 
incrementally by successive additions of the second 
component monomer, e.g. BT, as described in the 
experimental section and shown in Table 1.  In addition, for 
purposes of comparison, polymers were prepared from 
solutions of the same composition (mole fraction) by 40 
potential-step methods.  For example, in a typical experiment 
the working electrode was stepped from -0.2 V to +1.2 V and 
held for 20 s.   
Table 1  
XEDOT in 
Solution 
XEDOT in 
EDOT–BT 
XEDOT in 
EDOT–TT 
XEDOT in 
EDOT–OT 
1.0 1.00 1.00 1.00 
0.9 0.86 0.34 0.95 
0.7 0.75 0.10 0.97 
0.5 0.55 0.08 0.99 
0.3 0.46 0.01 0.98 
0.1 0.28 0.07 0.97 
0.0 0.00 0.00 0.00 
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 Subsequent quantification analysis and fitting of XPS data 
showed no significant compositional differences between 
samples prepared consecutively from the same solutions 
(composition) but by different polymerisation methods (i.e. 
potential-cycling or potential-step methods).  In addition the 50 
effect of total monomer concentration was  probed: in one 
experiment a sample was prepared by electrochemical 
polymerisation from a binary solution mixture having a total 
monomer concentration of 0.2 M.  Half the volume of the 
solution was then removed and replaced with fresh (monomer 55 
free) MeCN electrolyte.  A second polymer sample was 
prepared from this solution in the same way.  This procedure 
was repeated for a further dilution of 50%.  Again no 
significant compositional differences were observed in 
quantification of the XPS data from the three samples.  This 60 
demonstrates that the composition of the copolymer, whilst a 
function of the mole ratio composition (described below), was 
not sensitive to the total monomer concentration (within the 
limits tested here).   
 The polymers prepared (above) were examined by cyclic 65 
voltammetry in fresh electrolyte solution (0.1 M LiClO4–
MeCN).  The data presented in Fig. 1 show the CV responses 
of two homopolymers, EDOT and BT together with that for a 
copolymer prepared from a solution containing a binary 
mixture of the two homopolymers with a composition of 70 
XBT = 0.5.  The CV responses of the homopolymers are 
consistent with previous reports27,28,29,30 with the PEDOT 
showing doping/dedoping behaviour at a potential that is 
750 mV less positive than that for the homopolymer of BT.  
The polymer grown from the mixture (XBT = 0.5) however, 75 
shows an intermediate response with a less well-defined 
doping /dedoping process spread over a wider potential range.  
This is as expected for the electrochemical response of a 
blended mixture or a copolymer system because there exists a 
range of polymer strands with different sizes and 80 
compositions.  
 
Fig. 1 Cyclic voltammograms of pure PEDOT (blue), pure poly(BT) 
(black) and a copolymer grown from solution composition XBT = 0.5 (red) 
in MeCN–0.1 M LiClO4 at a scan rate of ν = 5 mV s-1, using a working 85 
electrode fabricated from Au-coated glass (ca. 1 cm2) and a Ag-wire 
pseudo-reference electrode.  [NB: Here the voltammograms have been 
 independently scaled and normalised to enable overlay and to compensate 
for differences in electrode area and film thickness.] 
Compositional analysis using  XPS 
XPS data were recorded for each copolymer sample in the 
C(1s) and S(2p) regions of the spectrum.  The S(2p) peak of 5 
the thiophene sulfur atom showed very little sensitivity to 
structural differences or polymer composition, presumably 
because this atom is, in each case, remote from the site of β-
substitution.  Consequently the S(2p) peak was used to 
calibrate binding energies and compensate for flood-gun 10 
shifts.  A typical data set of C(1s) spectra for the range of 
copolymers prepared from EDOT:BT mixtures is shown in 
Fig. 2(a).† Here the spectra of the two homopolymers are 
quite distinct with the PEDOT polymer showing a much 
higher intensity at lower binding energies.  This is consistent 15 
with the presence of saturated carbon (CH2) groups absent in 
poly(BT).31  The intermediate copolymers show a qualitative 
progression between the two extremes.   
 Quantification of the copolymers in terms of the relative 
mole fraction of each monomer unit is complicated here by 20 
the fact that all the monomer systems treated are both carbon-
rich and none have any unique spectral label (e.g. a halogen or 
other atom) with which to carry out comparison.  In principle, 
comparative integration of the S(2p), C(1s) or O(1s)  spectral 
regions for PEDOT can yield the required information, but in 25 
practice the errors are large because these integral ratios are 
often distorted by small amounts of surface air-borne 
(adsorbed) contamination.  Here we have taken an alternative 
approach: quantification has been achieved by iterative, 
numerical, fitting of the measured spectral data in the C(1s) 30 
region with numerically-generated combinations of reference 
spectra for the individual homopolymers.  This procedure has 
been used previously for determination of enzyme 
concentrations in conducting polymer films for biosensors32 
and is illustrated in Fig. 2(b).  Here the two reference spectra, 35 
PEDOT and poly(BT), are shown alongside the measured 
copolymer data (for a solution where XBT  = 0.5) together with 
the best-fit linear combination of reference spectra.  The best 
fit is defined by the minimum in the plot of residual difference 
versus mole fraction which is shown here as an insert.   40 
a) 
b) 
Fig. 2 (a) XPS data, C(1s), for the series of copolymers containing EDOT 45 
and BT.  The legend shows the corresponding value of mole fraction, 
XEDOT, in the solution binary mixture from which the copolymer was 
prepared.  (b) XPS data, C(1s), for a typical fitting procedure: pure 
PEDOT (black), pure poly(BT) (red), measured copolymer data (blue) 
and linear combination best fit (grey).  Linear combination of reference 50 
(pure) spectra shows minimum residual error at XBT = 0.52 (insert). 
 This procedure is described in detail in the experimental 
section.  In this example the minimum residual difference is 
obtained at a mole fraction XBT = 0.52.  All the copolymer 
data were quantified in this way and the results are 55 
summarised in Table 1 and presented graphically in Fig. 3.   
 Here it is evident that attempts to copolymerise OT or TT 
with EDOT were unsuccessful and Fig. 3 (as well as Table 1) 
shows that the compositions of polymers grown in these 
experiments are almost invariant with the increased mole 60 
fraction of EDOT.   Where OT is the co-monomer then the 
resultant polymer consists essentially only of EDOT whilst if 
TT is the co-monomer the inverse is true and the polymer 
contains mainly TT (except at very high loadings with XEDOT 
> 0.9).  Close examination of the list of monomer redox 65 
potentials (relative to EDOT monomer) presented in Table 2 
(here the redox potentials correspond to the foot of the anodic 
wave that denotes the onset of polymerisation) shows 
evidence of a correlation between copolymer composition and 
relative potential.  The oxidation of the OT monomer is 370 70 
mV more anodic where as that of the TT monomer is 140 mV 
cathodic.  In contrast to this, the composition of the polymer 
prepared from the EDOT–BT solution mixture varies 
progressively with increasing EDOT mole fraction in a quasi-
linear fashion.   Duplicate data sets are shown in Fig. 3 that 75 
exhibit good consistency and maximum error around 0.3 < 
XEDOT < 0.5 (mean values are presented in Table 1).  Here the 
difference in redox potential between the two monomers is 
only 60 mV (Table 2). 
  
Fig. 3 Mole fraction compositional data from XPS best fit calculations for 
copolymers derived from EDOT in combination with terthiophene (?), 
octylthiophene (?) and bithiophene, BT (?, ?), where two independent 
(duplicate) data sets are presented.  Error bars were evaluated using the 5 
residual difference from the best-fit calculations as indicated in eqn. 1. 
 In an electrochemical process the rate of heterogeneous 
reaction is, in the absence of surface kinetic effects, most 
simply expressed as a function of the electrode potential and 
the mass transport.  For any given process it can easily be 10 
shown that when the applied electrode overpotential is greater 
than 100–200 mV then the reaction is no longer controlled by 
electrode potential but by the rate of mass transport of 
reacting species to the electrode surface.33  Consequently 
increasing the overpotential beyond this point has no effect 15 
upon reaction rate.  
Table 2 
Monomer 
 
Monomer oxidation potential 
EpOx  / mV (versus EDOT) 
OT +370 
BT +60 
EDOT 0 
TT -140 
 
 Here we have prepared polymer films by potential–step 
methods (as well as by potential cycling) with an 20 
overpotential of at least +200 mV. (For example if monomer 
OT has EpOx = +350 mV and monomer EDOT has EpOx = 0 
mV then an overpotential of +200 mV is equivalent to an 
electrode potnetial of +570 mV) Consequently, the rates of 
electrochemical oxidation for both monomers are diffusion 25 
controlled and not determined by the magnitude of difference 
between monomer redox potentials, EpOx,  or by the difference 
between either of these and the applied electrode potential.  In 
addition, we observe only minor experimental deviation 
between composition of polymers prepared from the same 30 
solutions by either potential-cycling or potential-step 
methods.  We conclude that the observed compositional 
dependencies of the copolymers are not, in fact, a function of 
thermodynamics, i.e. monomer redox potential, but rather a 
manifestation of differential reactivities of the “monomer” 35 
species towards polymer formation.  Such reactivity is a 
combination of various kinetic factors that include the 
intrinsic reactivity of the monomer and oligomer radical 
cations but also the solubility and surface-nucleation 
properties.  Hence whilst it is true that the longer oligomers 40 
will be intrinsically less reactive, the polymer is nevertheless 
precipitated because the oligomers are less soluble. This 
phenomenon is well known in other areas of polymer 
chemistry, for example tables of reactivity ratios for various 
monomers are published with respect to copolymerisations of 45 
bulk commodity polymers and plastics.34   
Spectroelectrochemical responses 
The UV-Vis spectra (300 < λ <800 nm) of the polymer films 
were recorded during voltammetric scans as a function of time 
(and potential) and three typical data sets are presented in Fig. 50 
4.  The spectra were recorded at intervals of 15 seconds 
during a voltammetric scan at a potential scan rate, ν = 5 mVs-
1; consequently the potential resolution is 75 mV.  The full 
sets of spectra for each complete voltammogram are shown as 
surface plots, Fig. 4a, c and e, whilst selected sample spectra 55 
are also presented with corresponding potential labels Fig. 4b, 
d and f. For experimental consistency, the 
spectroelectrochemical measurements were performed on the 
same sample films as those subjected to compositional 
measurements (XPS).  Here the polymer films were deposited 60 
to a thickness of 100–500 nm such that the coatings were 
homogeneous over the whole of the sample area (ca. 1 cm2).  
As a consequence of the film thickness the absorbance values 
observed in the spectra, (Fig. 4), are rather high.  However, 
here we discuss only the trends in wavelength at peak 65 
absorbance (i.e. λMax) and make no attempt at quantitative 
analysis, or correlation, of the peak absorbance values.  
 The data set shown in Fig. 4a and b corresponds to the 
spectroelectrochemical response of pure PEDOT.  At 
potentials of –0.5 V the polymer is strongly absorbing at 582 70 
nm and consequently appears dark blue in colour.  The onset 
of electrochemical doping occurs at relatively low anodic 
potentials (see Fig. 1) and as the potential has reached +0.35 
V the absorbance at 582 nm is almost totally bleached being 
replaced by a broad absorbance in the near IR (λ > 800 nm) 75 
corresponding to the conduction band.  In this state the 
polymer film appears very pale blue, almost transparent.  This 
spectroelectrochemical response is consistent with previous 
reports.28,35  The data set shown in Fig. 4c and d corresponds 
to the spectroelectrochemical response of pure poly(BT).  80 
Here the peak absorbance of the undoped (neutral) polymer is 
centred at 464 nm resulting in the red colour.  In this case the 
spectroelectrochemical response does not occur until much 
more anodic potentials consistent with the voltammogram 
shown in Fig. 1.  At potentials E > +0.7 V the absorbance at 85 
464 nm is very weak whilst a new absorbance peak has 
emerged at λ = 690 nm and consequently the p-doped pure 
poly(BT) is blue in colour.  Both homopolymer responses 
were stable, such that the value of peak absorbance at the 
cathodic end of each cycle remained essentially constant over 90 
 many voltammetric scans.   
 The spectroelectrochemical response of a copolymer 
prepared from a solution mixture, XEDOT = 0.5, having a 
composition of XEDOT = 0.55 (from fitting of XPS data) is 
presented in Fig. 4e and f.  Here the λMax for the undoped 5 
(neutral) polymer occurs at an intermediate value of 504 nm.  
This is somewhat lower than the (blue shifted) the value of 
528 nm that might be predicted from a statistical admixture of 
both homopolymers calculated using the measured 
composition.  This absorbance is gradually bleached during 10 
anodic oxidation and a new absorbance is visible at potentials, 
E > +0.25 V, having λMax= 750 nm.  At more anodic 
potentials, E > +0.55 V, this becomes dominated by a much 
stronger absorbance at λMax > 800 nm.  These values of λMax 
together with those for the intermediate copolymer 15 
compositions are summarised in Table 3 and presented 
graphically in Fig. 5.  
 
 
 
 
 
(a) (b) 
 
 
 
(c) (d) 
 
 
 
(e) (f) 
Fig. 4 Spectroelectrochemical, UV-Vis, data for pure PEDOT, (a, b), pure BT, (c, d) and a copolymer grown from a solution composition XEDOT = 0.5 20 
with a measured (XPS) copolymer composition of XEDOT = 0.55 (e, f).  Surface projections (a, c, e) show the complete data sets acquired over a single 
 voltammetric scan (in each case) according to the potential limits shown (ν = 5 mV s-1).  Plots (b, d, f) show selected spectra from the same scans with the 
corresponding values of potential. 
  
 
Fig. 5 Spectroelectrochemical data for copolymers of BT and EDOT 5 
grown electrochemically from a solution containing the binary mixture at 
the composition shown. 
 Given that the absorbance band of the undoped copolymers 
(XEDOT = 0.55 shown) is not significantly broader than those 
of either homopolymer these spectra show evidence of two 10 
types of polymer.  The λMax trend exhibited in Table 3 and 
Fig. 5 indicate that a random copolymer is formed such that 
the electronic structure of the conjugated-polymer backbone is 
determined by the weighted average contribution from each of 
the two types of monomer unit.  On the other hand, for the 15 
copolymer EDOT–BT (XEDOT = 0.55) the spectrum that 
emerges at E = +0.4 V (Fig. 4f), after bleaching of the 
absorbance at 504 nm is strikingly similar to that of the native 
BT.   
Table 3  20 
XBT in Solution Polymer λMax / nm (Undoped) 
0.0 582 
0.1 564 
0.3 518 
0.5 504 
0.7 488 
0.9 466 
1.0 464 
 
 Although electrochemical copolymerisations are generally 
assumed to result in random copolymers, there is little 
experimental evidence to support these assumptions; our 
observations (above) can be interpreted as evidence of either 25 
phase separation (during polymerisation) or block 
copolymerisation.  In addition the presence of two isosbestic 
points has, in the case of PEDOT, been interpreted as showing 
first a transition between undoped (non-conducting) and p-
doped (conducting) phases followed by a second transition to 30 
an over-doped non-conducting phase at high anodic 
potentials.26  Here, however, it may be that the multiple 
isosbestic points observed in the spectra of the copolymer, 
XEDOT = 0.55 (Fig. 4e and f), indicate the presence of phase 
separated segments of homopolymers rather than a 35 
homogeneous random copolymer. 
a) 
b) 
c) 
Fig. 6 Cyclic voltammetry data, red, (where current represents charge flux 40 
I = dQ(E)/dt) and corresponding differential absorbance dA(E)/dt, black, 
data acquired during the same scans (with scan rate ν = 5 mV s-1, see Fig 
4.) for (a) pure PEDOT, (b) pure BT and (c) a copolymer grown from a 
solution composition XEDOT = 0.5 and a measured (XPS) copolymer 
composition of XEDOT = 0.55.  Arrows indicate the direction of change 45 
with the potential scan. All data are normalised to facilitate overlay 
presentation. 
 Finally in order to observe the synchronisation between 
potential-driven charge flux (i.e. current, where, I = 
dQ(E)/dt), during the cyclic voltammogram and changes in 50 
the absorbance spectra of the polymer during potential cycling 
 we have presented in Fig. 6 the normalised CV curves (i.e.  
charge flux) overlaid with the normalised differential 
absorbance traces, dA(E)/dt, at the peak absorbance for the 
undoped polymers for each of the examples shown in Fig. 4.  
Fig. 6a and b represent the normalised flux curves for the two 5 
homopolymers PEDOT and poly(BT) respectively.  In each 
case the anodic current corresponding to p-doping of the 
polymer is accompanied by a synchronous drop in the 
differential absorbance (i.e. bleaching).  Similarly on the 
cathodic scan the situation is closely mirrored.  In both cases 10 
it is evident that charge injection and colour change occur on 
similar time scales and that there is very little hysteresis.  It is 
noteworthy, however, that for PEDOT the differential 
absorbance, Fig. 6a, drops to zero at potentials E > + 500 mV 
therefore charge injection at potentials more anodic than this 15 
value does not contribute to colour change.  Such 
determinations are useful if polymers and polymer blends are 
to find application in practical devices.  The differential 
absorbance curve for the copolymer¸ Fig. 6c, shows that the 
potential region where the absorbance is most sensitive to 20 
potential occurs in the range –200 < E < 300 mV.  This again 
shows a composite response being the result of a combination 
of the two monomer units. However, the potential at this point 
is much closer to the parent PEDOT polymer than to 
poly(BT).  In this case the differential absorbance trace 25 
provides more insight than the CV (charge flux) as this latter 
is essentially featureless.  The cross-over in the differential 
absorbance-flux trace close to the cathodic vertex point is 
evidence of activity at this potential and again tends to 
indicate the presence of BT segments. 30 
Conclusions 
Here we have studied the co-electropolymerisation of 3-
octylthiophene (OT), 2,2’-terthiophene (TT) and 2,2-
bithiophene (BT) with 3,4-ethylenedioxythiophene (EDOT) 
focussing primarily on the latter system.  We have prepared 35 
copolymer materials by electrocopolymerisation from binary 
mixtures of monomers in varying compositions and 
determined independently for each copolymer the 
spectroelectrochemical responses and the composition of the 
material using component fitting of X-ray photoelectron 40 
spectroscopy data.  We have observed strong correlations 
between the composition of the copolymer material and the 
composition of the binary solution from which the polymer 
was grown. Using both potentiodynamic and potentiostatic 
techniques we have concluded that the redox potentials of the 45 
monomers were not the most important determinant of 
polymer composition.  In addition, we have shown that the 
spectroelectrochemical properties of the copolymers indicate 
the presence of random copolymer material where the λMax 
values of the neutral, undoped, polymer scales with 50 
composition but also suggest that there may be small amounts 
of block copolymer or phase separated mixtures of the 
homopolymer components.   
 
Acknowledgements 55 
The authors would like to thank the EPSRC for funding (DTA 
award for ELS) and access to the XPS facility NCESS, 
Daresbury Lab., also Dr Graham Beamson (NCESS Daresbury 
Lab.) for invaluable support and helpful discussions.   
References 60 
 
1 L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik and J. R. Reynolds, 
Adv. Mater., 2000, 12, 481-494. 
2 L. Groenendaal, G. Zotti, P.-H. Aubert, S. M. Waybright and J. R. 
reynolds, Adv. Mater., 2003, 15, 855-879 
3 N. Sakmeche, J. J. Aaron, M. Fall, S. Aeiyach, M. Jouini, J. C. Lacroix 
and P. C. Lacaze, Chem. Commun., 1996, 2723 
4 H. Huang and P. G. Pickup, Chem. Mater., 1998, 10, 2212 
5 S. A. Sapp, G. A. Sotzing, J. L. Reddinger and J. R. Reynolds, Adv. 
Mater., 1996, 8, 808 
6 R. J. Mortimer, A. L. Dyer and J. R. Reynolds, Displays, 2006, 27, 2-18 
7 S. A. Sapp, G. A.Sotzing and J. R. Reynolds, Chem. Mater., 1998, 10, 
2101-2108 
8 D. R.Rosseinsky and R. J. Mortimer, Adv. Mater., 2001, 13, 783-793 
9 A. A. Argun, A. Cirpan and J. R. Reynolds, Adv. Mater., 2003, 15, 
1338-1341 
10 D. DeLongchamp and P. T. Hammond, Adv. Mater., 2001, 13, 1455-
1459 
11 A. A. Cutler, M. Bouguettaya and J. R. Reynolds, Adv. Mater., 2002, 
14, 684-688 
12 W. Lu, A. G. Fadeev, B. Qi and B. R. Mattes, J. Electrochem. Soc., 
2004, 151, H33-H39 
13 T.-S. Tung and K.-C. Ho, Solar Energy Mater. Solar Cells, 2006, 90, 
521-537 
14 S. Kirchmeyer and K. Reuter, J. Mater. Chem., 2005, 15, 2077-2088 
15 F. Jonas, G. Heywang, Electrochim. Acta, 1994, 39, 1345 
16 F. Jonas, W. Kraft and B. Muys, Macromol. Symp., 1995, 100, 169 
17 D. S. K. Mudigonda, D. L. Meeker, D. C. Loveday, J. M. Osborn and J. 
P Ferraris, Polymer, 1999, 40, 3407-3412 
18 S. Demoustier-Champagne and J. R. Reynolds, Chem.. Mater., 1995, 7, 
277-283 
19 M. Pyo and J. R. Reynolds, J. Phys. Chem., 1995, 99, 8249-8254 
20 F. Estrany, D. Aradilla, R. Oliver and C. Alemán, European Polym. J., 
2007, 43, 1876-1882 
21 C. Ocampo, C. Alemán, R. Oliver, M. L. Arnedillo, O. Ruiz and F. 
Estrany, Polym. Int., 2007, 56, 803-809 
22 K. S. Ryder, L. F. Schweiger, A. Glidle and J. M. Cooper, J. Mater. 
Chem., 2000, 10, 1785-1793 
23 J. M. Cooper, A. Glidle, A. R. Hillman, M. D. Ingram, C. Ryder and K. 
S. Ryder, Phys. Chem. Chem. Phys., 2004, 6, 2403-2408 
24 N. M. Alpatova, E. V. Ovsyannikova, M. Yu. Grosheva, V. V. Topolev, 
S. Kirchmeyer, F. Jonas, V. M. Bazhenov and V. A. Nikanorov, Synth. 
Met., 2003, 138, 507-512 
25 N. M. Alpatova, E. V. Ovsyannikova, F. Jonas, S. Kirchmeyer, E. Yu. 
Pisarevskaya, and M. Yu. Grosheva, Russian J. Electrochem., 2002, 38, 
6, 576-582 
26 M. Łapkowski and A. Pron´, Synth. Met., 2000, 110, 79–83 
27 H. J. Ahonen, J. Lukkari and J. Kankare, Macromolecules, 2000, 33, 
6787-6793 
28 C. Kvarnström, H. Neugebauer, S. Blomquist, H. J Ahonen, J. Kankare 
and A. Ivaska, Electrochim. Acta, 1999, 44, 2739-2750 
29 L. Groenendaal, G. Zotti, P.-H. Aubert, S.M. Waybright and J.R. 
Reynolds, Adv. Mater., 2003, 15, 11, 855-879 
30 A. R. Hillman and M. J. Swann, Electrochim. Acta, 1988, 33, 10, 1303-
1312 
31 NIST X-ray Photoelectron Spectra Database (version 3.2) at 
http://www.nist.gov/srd/nist20.htm  
32 A. Glidle, M. J. Swann, C. S. Hadyoon, L. Cui, J. Davis, K. S. Ryder 
and  J. M. Cooper, J.  Electron Spectroscopy and Related Phenomena, 
2001, 121, 131-148 
 
  
33 A. J. Bard and L. R. Faulkner, “Electrochemical Methods: 
Fundamentals and Applications”, John Wiley and Sons, New York, 
1980 
34 F. W. Billmeyer, “Textbook of Polymer Science”, John Wiley and Sons, 
New York , 1984 pp.101-125 
35 A. Kumar, D. M. Welsh, M. C. Morvant, F. Piroux, K. A. Abboud and 
J. R. Reynolds, Chem. Mater., 1998, 10, 896-902 
